Optical gyroscopes measure the rate of rotation by exploiting a relativistic phenomenon known as the Sagnac effect 1,2 . Such gyroscopes are great candidates for miniaturization onto nanophotonic platforms 3,4 . However, the signal-to-noise ratio of optical gyroscopes is generally limited by thermal fluctuations, component drift and fabrication mismatch. Due to the comparatively weaker signal strength at the microscale, integrated nanophotonic optical gyroscopes have not been realized so far. Here, we demonstrate an all-integrated nanophotonic optical gyroscope by exploiting the reciprocity of passive optical networks to significantly reduce thermal fluctuations and mismatch. The proof-of-concept device is capable of detecting phase shifts 30 times smaller than stateof-the-art miniature fibre-optic gyroscopes, despite being 500 times smaller in size. Thus, our approach is capable of enhancing the performance of optical gyroscopes by one to two orders of magnitude.
. Moreover, it can enable the integration of nanophotonic and electrical components onto a single substrate [7] [8] [9] [10] . Optical gyroscopes determine angular velocity by measuring the relativistic Sagnac effect [11] [12] [13] . When a beam of coherent light is split into two paths that traverse a closed circle (Fig. 1b) , they meet with a certain phase relationship at the output. However, when the reference frame of the gyroscope is rotating, the effective path lengths experienced by the two beams change. This causes them to experience an additional time delay with respect to one another that is proportional to the rate of rotation of the frame 1, 2 :
Sagnac where mA is the area vector with magnitude equal to the area of the closed path multiplied by m (the number of turns), Ω is the angular velocity vector, n is the refractive index of the medium, λ is the wavelength, and c is the speed of light.
To measure the rates of rotation using the Sagnac effect, the input light beam in a typical optical gyroscope is split into two paths: the signal path, which is often coiled to accumulate the Sagnac phase shift, and the reference path. These two paths combine inside a phase interferometer whose output is proportional to the phase difference between the input signals 14 . As the system size is reduced (for example, in a nanophotonic optical gyroscope, NOG), the performance of this topology suffers from the small magnitude of the phase shift, which implies a low signal-to-noise ratio (SNR). This is because the Sagnac effect is proportional to the area enclosed by the optical path. This low SNR translates to a stronger random walk in the output signal of the gyro, resulting in a poor Allan variance, a standard measure for characterizing the stability of gyroscopes 15 . Among all imperfections, the inevitable thermal drift is more pronounced because of the relatively large thermo-optic coefficient of silicon at room temperature: dn/dT = 1.86 × 10 −4 K −1 , where n is the index of silicon and T is the temperature in kelvin. Thus, even small temperature variations within different parts of the optical path can cause a considerable deviation in the measured rate of rotation. However, these temperature fluctuations in silicon nanophotonics have a bandwidth of several kilohertz 16 , are much less pronounced above a megahertz, and thus can be treated as constant over timescales of microseconds. In light of this observation, it is possible to significantly lower thermal fluctuations and other imperfections such as fabrication mismatch by intentionally alternating the polarity of the Sagnac phase shift at a fast rate, as shown conceptually in Fig. 1c .
To improve sensitivity we developed an approach we call reciprocal sensitivity enhancement. In a passive network made of isotropic elements (lossy or lossless), switching the input and output ports does not change the observed response from input to output. This is because the scattering matrix is symmetric, namely, S ij = S ji (note that S ij is a complex number representing the phase and amplitude of the outgoing wave). By alternating the paths (the blue and red paths, as shown in Fig. 1c) , two measurements are taken-one of S ij and the other of S ji -whereby the desired signal has its polarity flipped but undesirable components such as thermally induced fluctuations and mismatch are common and can therefore be attenuated.
Reciprocal sensitivity enhancement also reduces the undesirable effects of reflections. Although we know that reciprocal networks satisfy S ij = S ji for all i and j, in general S ii ≠ S jj for i ≠ j. This causes mismatch between reflected light from different directions, which poses a challenge for using continuous laser sources in existing architectures of single-loop gyroscopes that utilize both clockwise and anticlockwise beams 12, 17 . In a typical interferometry-based gyroscope architecture, light is sent in both clockwise and anticlockwise directions, and the phase shift induced by the Sagnac effect is measured at the output [17] [18] [19] . The sensitivity of these types of gyroscope is limited by the Kerr effect, unequal thermal fluctuations between clockwise and anticlockwise propagating light, and Rayleigh scattering 20 . The latter two are usually dominant. However, it has been demonstrated that the effect of back-scattering light can be reduced by using a non-coherent laser source 17 . Another approach to alleviate the issue of scattering is to use a low-loss waveguide, which usually demands a different waveguide core and clad material. In addition, some methods have been proposed to enhance the Sagnac effect and to boost the overall SNR [21] [22] [23] . Time-division switching can be used to reduce the back-scattering effect in fibre-optic gyroscopes 24 . Among all these methods, however, reciprocal sensitivity enhancement offers an architecture that greatly reduces all sources of noise. This is due to the temporal separation between the clockwise and anticlockwise propagating beams in each path as well as the cancellation of thermal fluctuations using high-frequency optical switching. Critically, this method is more tolerant to the propagation loss of the medium. The signal can also be amplified without increasing the size of the interferometer by using ring resonators to replace the circular path [25] [26] [27] . The phase response of ring resonators amplifies the observed phase difference for a given Sagnac phase shift (Fig. 2a) . Thus, to the first order, the phase at the output of the ring resonator, σ Sagnac , is given by
where Q is the quality factor of the ring resonator and L is the circumference of the ring. Note that S can be interpreted as the effective number of times that light travels around the ring before exiting. Another significant challenge with the standard approach shown in Fig. 1c is the large dn/dT in silicon that results in substantial temperature-dependent phase variation between the signal and reference paths. These two path lengths can be made equal by using two identical rings-in lieu of a reference pathwhich carry light in opposite directions (Fig. 2b) . This can significantly alleviate such thermal fluctuations that are substantially different between the ring and the reference path (Fig. 1c) . Thus, a system with two rings is only sensitive to spatial gradients in the temperature between the rings. In addition, because the two rings are in close proximity, the resonance peaks will move in a correlated fashion.
We computed the responses of the two rings. Note that, to have a measurable signal, we need to introduce a phase shift φ applied as an offset phase shift at the output of ring 1. Therefore, the output electric field phasors of ring 1 ( ͠ E 1 ) and ring 2 ( E 2 ) can be written as 
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phase shift difference between two rings due to temperature gradient fluctuations. Next, the output signal, which we will denote Y(t), is proportional to the square magnitude of the sum of these two electric fields: Now by alternating the direction that rings are fed, we arrive at ( Fig. 2b) :
Sagnac
where T is the alternating (that is, switching) period and we defined the signal amplitude, X(t), and the undesired signal, U(t), as 
X t SE E t U t E E E E t t t ( ) 4 sin [ ( )] ( ) 2 cos [ ( )] ( ) :
( ) As is shown in equation (6), U(t) and X(t) are, in general, stochastic processes because they depend on thermal fluctuations.
Moreover, if we alternate directions on a faster timescale than the timescale of the fluctuations (for example, 10 MHz), the fluctuations remain mostly correlated. Therefore, these correlated fluctuations are mostly cancelled by adding the two outputs together and subtracting the common-mode signal (Fig. 2c) .
Utilizing reciprocal sensitivity enhancement, we designed and implemented a NOG (Fig. 3b) . We measured the sensitivity of the gyroscope by measuring the output voltage for different angular velocities (Fig. 4a) . To demonstrate the efficacy of our reciprocal sensitivity enhancement approach, we measured the Allan deviation to calculate the bias instability (BIS) and the angle random walk (ARW) for two separate scenarios (Fig. 4b) hours . The sensitivity at 10 MHz improves by a factor of roughly 100 compared to that at 20 kHz. In addition, measurements of ARW at different switching frequencies show that the threshold frequency for reciprocal sensitivity enhancement is on the order of 100 kHz (Fig. 4c) .
In summary, we have introduced reciprocal sensitivity enhancement, which can be used in fibre-optic gyroscopes of all platforms and scales to increase their sensitivity significantly. Our all-integrated optical gyroscope occupies only 2 mm 2 and detects the smallest recorded phase shift (3 nrad) of all miniaturized approaches implemented in silicon nanophotonics so far. We thus show the feasibility of an integrated silicon nanophotonics platform for developing optical gyroscopes.
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Methods
To implement this system in silicon photonics, we designed two ring resonators with radius of 500 μ m (Supplementary Fig. 2a) . These microrings introduced a 30 nrad phase shift at 10 r.p.m. To switch the direction in which the rings were fed, we constructed a Mach-Zehnder interferometer (MZI) consisting of two p-i-n diodes (Fig. 3a) and a 50/50 directional coupler. To read the output from each direction, we built two phase detectors consisting of an optical adder to combine the paths (Y junction) and a photodiode to read the combined power (the germanium photodiode converts input optical light to electrical current; the responsivity is 0.5 A W −1 ). Each current (one from each direction) was converted to voltage with a transimpedence amplifier (TIA) and amplified with a variable gain amplifier to obtain A 1 and A 2 , the respective gain of each arm in the electronic circuitry (Supplementary Section 'Tuning process'). The signals were then added together and multiplied by a reference frequency through a passive mixer to extract the amplitude information encoding the rotational rate (Fig. 3c) .
A low-linewidth distributed feedback (DFB) laser and an off-chip polarization controller were used as the input light at 1,550 nm. This gyroscope was measured and calibrated using a high-accuracy mechanical rotary stage.
Fabrication. The silicon nanophotonic chip was fabricated using a silicon-oninsulator process with 2 μ m buried oxide, covered by 3 μ m oxide.
Calibrations and measurements.
A calibration process was performed before measuring the rotation rates (see Supplementary Information) .
The rotation rate measurements were performed by rotating the whole set-up using a high-precision rotary stage at different rates. At each rotation rate, the output was measured five times and the mean and standard deviation were reported.
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